Absolute measurements of differential cross sections for the elastic scattering of positrons from xenon are made at 2, 5 and 8 eV using a trap-based beam and the technique of measuring scattering cross sections in a strong magnetic field. Calculations are carried out using the relativistic Dirac equations with a static plus polarization potential. Generally good absolute agreement is found between experiment and theory. DOI: 10.1103/PhysRevA.73.064702 PACS number͑s͒: 34.85.ϩx Experimental studies of positron scattering from atoms and molecules have lagged behind electron scattering because of the difficulties involved in creating sufficiently monoenergetic and intense beams of positrons to carry out such measurements. However, with the recent development of efficient positron traps and trap-based cold beams and techniques to study scattering in a magnetic field ͓1-3͔, it is now possible to make measurements of interest that were not possible previously. In this paper, absolute measurements are reported for the differential cross sections ͑DCS͒ for elastic scattering of positrons from xenon atoms at 2, 5 and 8 eV. Where comparisons are available ͑i.e., at 5 eV ͓4͔͒, the data presented here agree reasonably well with those published previously. However, the data presented here improve upon the previous measurements in three ways. The present measurements provide absolute, as opposed to relative cross section measurements. In addition, they are made over a larger range of near-forward scattering angles and include data at smaller values of incident positron energy.
Experimental studies of positron scattering from atoms and molecules have lagged behind electron scattering because of the difficulties involved in creating sufficiently monoenergetic and intense beams of positrons to carry out such measurements. However, with the recent development of efficient positron traps and trap-based cold beams and techniques to study scattering in a magnetic field ͓1-3͔, it is now possible to make measurements of interest that were not possible previously. In this paper, absolute measurements are reported for the differential cross sections ͑DCS͒ for elastic scattering of positrons from xenon atoms at 2, 5 and 8 eV. Where comparisons are available ͑i.e., at 5 eV ͓4͔͒, the data presented here agree reasonably well with those published previously. However, the data presented here improve upon the previous measurements in three ways. The present measurements provide absolute, as opposed to relative cross section measurements. In addition, they are made over a larger range of near-forward scattering angles and include data at smaller values of incident positron energy.
From a theoretical point of view, the scattering of positrons has been treated by and large as the scattering of an electron with positive charge. However, there are two significant differences between electron and positron scattering. Since the positron is a distinct particle, there is no exchange reaction between the incident positron and the bound atomic electrons. This leads to a simplification over electron scattering. On the other hand, the formation of a positronium ͑Ps͒ atom ͑the bound state of an electron and positron pair͒ is possible and is typically the inelastic channel with the lowest threshold. This threshold is equal to the ionization energy of the atom minus the binding energy of a positronium atom, namely half a Rydberg, 6.8 eV.
Ps formation is difficult to treat theoretically since it is a two-center problem with one center the nucleus of the atom and the other at the center of mass of the positronium atom.
Since positronium is a light system, semiclassical methods are not applicable. For xenon, the Ps formation threshold is at 5.33 eV. Thus the measurements presented here at 2 eV are well below this threshold; the ones at 5 eV are very close to this threshold, where the effects of the closed positronium channels can induce resonant behavior; and the ones at 8 eV are well above the threshold, where this inelastic channel is open though the channels for electronic excitation of the atom are still closed. Due to the fact that xenon is a heavy atom, the calculations are carried out within a framework of the Dirac equations using the j-j coupling representation ͑i.e., rather than the Schrödinger equation using LS coupling͒.
The experimental technique for forming a cold, trap-based positron beam has been described in detail previously ͓1,5͔. Positrons from a 22 Na radioactive source and neon moderator are trapped and cooled in a three-stage buffer-gas PenningMalmberg trap in a 0.15 T magnetic field. The positrons cool to the temperature of the buffer gas and surrounding electrodes ͑i.e., 300 K ϵ 25 meV͒. Once cooled, positron bunches are pushed out of the third stage of the trap, as illustrated in Fig tribution of the beam ͑i.e., with the test gas removed from the scattering cell͒. The energy resolution of the positron beam used in the experiments described here is ϳ25 meV ͑full width at half maximum͒.
The cross section measurements presented here were done using a technique that relies on the fact that the positron orbits are strongly magnetized ͓2,3͔. In a strong magnetic field, namely where the positron's gyroradius is small compared to the characteristic dimensions of the scattering apparatus but still large compared to atomic dimensions, the total kinetic energy is separable into two components: energy in motion parallel to the magnetic field, E ʈ , and that in the cyclotron motion in the direction perpendicular to the field, E Ќ .
If a positron is scattered in the gas cell, then some of the energy of the positron will be transferred from the parallel to the perpendicular component, with the specific amount depending on the scattering angle, ͑͒. In the case where only elastic scattering is present, energy is conserved, and E = EЈ = E ʈ Ј+ E Ќ Ј ͑where Ј indicates the final value͒. In this case, is related to the incident energy, E, and final parallel energy, E ʈ Ј,
The RPA measures only the final parallel energy of the positron. Therefore making a measurement of positron throughput as a function of E ʈ ͑as determined by raising the applied voltage on the RPA͒ determines the differential cross section. Thus, absolute cross sections are obtained by normalizing the transmitted signal to the incident beam strength using the measured target-gas density and path length. Absolute measurements of the cross section can be obtained without an absolute measurement of the initial beam current. The gas cell used in these experiments had small entrance and exit apertures ͑0.5 cm in diameter͒, and so the pressure and path length can be determined to a high degree of accuracy ͓3͔. There is an uncertainty in path length introduced by scattering at an angle. For the measurements reported here, this effect produces ϳ10% overestimate of the cross section ͓3͔, which is neglected for the data reported here.
If the energy of the incoming positron is greater than the lowest inelastic threshold, then Eq. ͑1͒ is no longer valid. A decrease in E ʈ Ј may be the result of a combination of loss of initial energy to the perpendicular direction and loss of energy to the atom of molecule. This sets an upper limit as to the highest incident energy that can be studied without resorting to other means ͓3͔. The first excited electronic state in Xe has a threshold of 8.32 eV which is above the range of positron energies considered here. Positronium formation is also not relevant, but for a different reason. It results in a loss of positrons from the beam. Thus it is possible to account for this loss directly by measuring the strength of the beam with the test gas in the cell and the RPA grounded.
In the current apparatus, positrons that are scattered in the backward direction are reflected off the exit gate of the threestage trap and then retransmitted to the collector plate. Due to this effect, the measured DCS are "folded" around 90°, with the angles °and ͑180− ͒°summed. As a consequence, below, the measurements are compared with the theoretical predictions for this same sum.
The scattering of positrons by xenon is treated as a potential scattering problem, where the potential includes the static potential of the unperturbed atom plus a polarization potential ͓6͔ representing the perturbation of the atomic charge distribution by the incoming positron. Note that the static potential for a positron in the field of an atom has the opposite sign to that for an electron, but the polarization potential has the same sign to first order for both projectiles.
Since xenon is a heavy atom, it is better represented in j-j coupling rather than LS coupling. Thus the static potential is calculated using Dirac-Fock wave functions produced by the multi-configuration Dirac-Fock program ͓7͔. The polarization potential is calculated nonrelativistically, since its effect is only appreciable at large distances where the relativistic effects of the large nuclear charge are screened by the atomic electrons.
The Dirac equations
are used to determine the scattering wave function. Here f and g are the large and small radial components of the scattered wave function with quantum number where
and j is the total angular momentum of the incident positron and l is its orbital angular momentum. V͑r͒ is the sum of the static and polarization potentials while ␣ is the fine-structure constant and ⑀ is the kinetic energy of the positron. Asymptotically
where k is the linear momentum of the positron and ␦ is the phase shift. The DCS are calculated from the phase shifts. The experimental and theoretical results for positron scattering from xenon are shown in Figs. 2-4 . The dashed curves are the calculated DCS. Because the experiment cannot distinguish between positrons scattered in the forward and backward directions, the full curves represent the sum of the calculated DCS at scattering angles and − .
At 2 eV there is very good agreement between the measurements and the calculated values except at small scattering angles. At 5 and 8 eV, where the effects of positronium formation could be significant, the agreement is less good although the magnitudes and dependence on energy of the predictions and measurements are very similar. Also shown in Figs. 2 and 3 are the corresponding electron data of Ref.
͓8͔ at 1.75 and 4.75 eV, respectively. It is interesting to note that the magnitude of both the electron and positron differential cross sections are comparable at these energies although for entirely different reasons.
In general, electron cross sections are much larger than the corresponding positron cross sections at low energies due to the deeper penetration of the electron into the atomic charge cloud. However, in the case of xenon there is a broad Ramsauer minimum either side of 0.8-0.9 eV caused by the s-and p-wave phase shifts passing through zero. At 1.75 eV the electron p-wave phase shifts are much smaller than the d-wave phase shifts and comparable with the f-wave phase shifts. This, in turn, gives rise to the minimum in the electron DCS around 35°. On the other hand, the shape of the positron DCS at this energy is dominated by the p-wave phase shifts which, in turn, gives rise to a minimum around 90°. At 4.75 eV the shape of the DCS for both electrons and positrons is influenced primarily by the p-and d-wave phase shifts and hence in both cases the minimum in the respective differential cross sections occurs around 55°.
Shown in Fig. 3 for the data at 5 eV are the predictions of the nonrelativistic polarized orbital calculation of Ref.
͓6͔.
As indicated in the figure, the differences between the predictions of this theory, which uses LS coupling, and the present, relativistic treatment using j-j coupling are relatively minor. The corresponding difference between a nonrelativistic and a relativistic treatment for electron scattering is much larger due to the exchange interaction ͓9͔. Also shown for comparison in Fig. 3 Results are reported here for the absolute differential cross sections for positron scattering from xenon at 2, 5, and 8 eV including near-forward scattering angles as small as 15°. The agreement with relativistic calculations using a polarization potential is very satisfactory as is the comparison with previous measurements in the range of angles and energies where other data are available. It would be of interest to investigate whether inclusion of positronium formation in the theory would further improve this agreement at energies ജ5 eV.
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